We have developed a two-dimensional ͑2D͒ model for inhomogeneous cirrus clouds in plane-parallel and spherical geometries for the analysis of the transmission and backscattering of high-energy laser beams. The 2D extinction-coefficient and mean effective ice-crystal size fields for cirrus clouds can be determined from a combination of the remote sensing of cirrus clouds by use of the Advanced Very High Resolution Radiometer on board National Oceanic and Atmospheric Administration satellites and the vertical profiling of ice-crystal size distributions available from limited measurements. We demonstrate that satellite remote sensing of the position and the composition of high cirrus can be incorporated directly in the computer model developed for the transmission and backscattering of high-energy laser beams in realistic atmospheres. The results of laser direct transmission, forward scattering, and backscattering are analyzed carefully with respect to aircraft height, cirrus cloud optical depth, and ice-crystal size and orientation. Uncertainty in laser transmission that is due to errors in the retrieved ice-crystal size is negligible. But uncertainty of the order of 2% can be produced if the retrieved optical depth has errors of Ϯ0.05. With both the aircraft and the target near the cloud top, the direct transmission decreases, owing to the propagation of the laser beam through the curved portion of the cloud top. This effect becomes more pronounced as the horizontal distance between the aircraft and the target increases.
Introduction
With advances in laser technology in recent years, high-energy lasers at near-infrared wavelengths have been developed and incorporated into an aircraft platform for engagement with a moving target. For such an active system to be effective in operation, atmospheric effects must be carefully taken into consideration. The presence of persistent high-altitude cirrus clouds along the path between the aircraft platform and the target, particularly in the typical cirrus-residing regions of the upper troposphere and the lower stratosphere, can significantly affect the transmission and backscattering of laser beams.
In a paper previously published in this journal, 1 a near-infrared airborne-laser transmission model for thin cirrus clouds was developed on the basis of the successive-order-of-scattering approach to account for the multiple scattering of randomly and horizontally oriented ice crystals associated with an aircrafttarget system. Direct transmission and the transmission that is due to multiple scattering were formulated specifically for a homogeneous planeparallel geometrical system, in which scattering and absorption associated with aerosols, water vapor, and air molecules were accounted for. A number of sensitivity experiments were performed for the investigation of effects of aircraft-target position, cirrus cloud optical depth, and ice-crystal size on laser transmission for tactical applications. We illustrated that transmission contributions produced by orders of scattering higher than 1 are small and can be safely neglected. The possibility of horizontal orientation of ice crystals could enhance the transmission of laser beams in the aircraft-target geometry. The transmitted energy is strongly dependent on the horizontal distance between the aircraft and the target and on the cloud optical depth, as well as on whether the cloud is above or below the aircraft.
Satellite mapping of the optical depth in midlatitude and tropical regions has illustrated that cirrus clouds are frequently finite in nature and display substantial horizontal variability. 2, 3 Vertical inhomogeneity of the ice-crystal size distribution and ice-water content has also been demonstrated by balloon-borne replicator sounding observations, 4 as well as the time series of backscattering coefficients derived from lidar and radar returns. [5] [6] [7] To quantify laser transmission and backscattering with reasonable accuracy, it is necessary to take into account the horizontal and vertical variations of cirrus cloud structure. In this paper, because most of the laser energy is confined in the vertical plane defining the aircraft and the target, we construct a two-dimensional ͑2D͒ inhomogeneous cirrus cloud model for the simulation of laser transmission and backscattering, employing the successiveorder-of-scattering method. The effects of the Earth's curvature on the laser transmission and backscattering have also been taken into account in this study. The direct transmission, forward scattering, and backscattering are subject to the variation of the extinction coefficient and the mean effective ice-crystal size along the line of sight between the laser and the target. For the input to the laser transmission-backscattering model, 2D cirrus cloud fields are constructed from the mapping of the horizontal distribution of ice-water content and mean effective ice-crystal size of cirrus clouds by use of National Oceanic and Atmospheric Administration-Advanced Very High Resolution Radiometer ͑NOAA-AVHRR͒ data.
The arrangement of this paper is as follows. Section 2 presents the model formulation for the laser transmission and backscattering. In Section 3 we discuss the physical significance of computational results, in which 2D and one-dimensional model calculations of laser transmission and backscattering energy are compared for aircraft above, within, and below the cloud and for selected optical depths and mean effective ice-crystal sizes. Effects of uncertainty of satellite-retrieved optical depths and icecrystal sizes on laser transmission and backscattering are further analyzed. Finally, a summary is given in Section 4.
Formulation of Laser Transmission-Backscattering
A. Transmission-Backscattering in a Two-Dimensional Plane-Parallel Geometry
Our transmission formulation associated with multiple scattering follows transmission models developed by Liou et al. 1, 8 In general, transmission that is due to the first-order scattering, i.e., the forward scattering, is relatively small compared with the directly transmitted radiation but is nevertheless significant. As stated earlier in Section 1, transmission contributions produced by the second-order scattering are much smaller than those of the direct component and can be neglected. For what follows, we consider the direct transmission and the forward scattering and backscattering that are due to the first-order scattering in a 2D plane-parallel atmosphere. In the rest of this paper, the terms forward scattering and backscattering refer to the first-order scattering only.
The direct transmission through an inhomogeneous cirrus cloudy atmosphere follows the rule of exponential attenuation and can be written in terms of the transmitted power F d in the form
where F 0 is the laser power in watts and the total extinction coefficient ␤ e is the integration of the scattering coefficient of air molecules ␤ air , the extinction coefficient of aerosols ␤ aer , the absorption coefficient of water vapor times water-vapor density k v , and the extinction coefficient of cirrus cloud particles ␤ cld over the path along the laser beam. In reference to Fig. 1͑a͒ , the parameter sЈ is the distance EB along the laser beam between a certain point at height z in the cloud and the cloud base, which can be expressed by
where is the sine of the scan angle ϭ tan
Ϫ1
͓͑z a Ϫ z m ͒͞d͔ of the laser beam. The parameter s is a distance along the laser beam between the cloud top and the cloud base that can be expressed by
The parameters z a , z t , z b , and z m are heights of the aircraft, cloud top, cloud base, and target, respectively; d is the horizontal distance between the aircraft and the target; u ϭ ͑z b Ϫ z m ͒͞ denotes a distance BM between the cloud base and the target; and v ϭ ͑z a Ϫ z t ͒͞ denotes a distance AT between the aircraft and the cloud top. Exponential attenuation outside the cloud is also accounted for in Eq. ͑1͒, where ␤ nc,a and ␤ nc,b are extinction coefficients that are due to noncloud species ͑air molecules, aerosols, and water vapor͒ above and below the cloud, respectively. Forward scattering can be expressed in the form
On the basis of the principle of the successive orderof-scattering approach, the first-order source function J ͑1͒ ͑sЈ, ⍀͒ can be formulated in the form
where ͑sЈ͒ is the single-scattering albedo, which is a function of sЈ, and P cld ͑⌰͒ is the phase function of the cloud particle, which is a function of the scattering angle ⌰. We consider only the cloud phase function, P cld ͑⌰͒ because the diffracted intensity is more intense by more than 3 orders of magnitude than those of aerosols and air molecules. ⌿ 1 is an angle associated with the target when it is viewed from point E, defined by
where r m is the effective radius of the target. The directly transmitted power at sЈ is given by
In this formulation, the laser beam is assumed to be collimated. In a manner similar to the transmission formulation and in reference to Fig. 1͑b͒ , the source function that is due to the first-order backscattering based on the successive-order-of-scattering approach can be expressed in the form
where the angle
in which r a is an effective radius of the aircraft and sЈ b is the distance between the aircraft and a certain point along the path connecting the aircraft and the target, as shown in the schematic diagram depicted in Fig.  1͑b͒ . The direct transmission in this case is given by (10) In Eq. ͑8͒ the terms P ave ͑⌰͒ and ␤ e denote the average phase function and the average extinction coefficient defined by where h͑ z Ϫ zЈ͒ denotes a step function, which is defined as h͑z Ϫ zЈ͒ ϭ 1 for z Ն zЈ; otherwise, h͑z Ϫ zЈ͒ ϭ 0. The order of magnitude for the phase function in the backscattering direction is approximately the same for ice crystals, air molecules, and aerosols ͑ϳ0.1͒, so that P ave ͑⌰͒ is used. And because of the comparative magnitude of the backscattering phase functions, aerosol particles above, below, and inside 
the cloud can make an important contribution tobackscattering in contrast to transmission. Finally, the first-order backscattering is given by
Furthermore, reflection from the target can be accounted for in the backscattering formulation as follows:
where R is the reflectivity of the target, T ͑ϭF d ͞F 0 ͒ is the transmittance between the aircraft and the target, F 0 is the laser power, s b is the distance along the laser beam between the aircraft and the target, and r a 2 ͞s b 2 is the effective solid angle by which the target sees the aircraft.
B. Transmission-Backscattering in a Two-Dimensional Spherical Geometry
In this subsection, we present only the formulation for the geometry in which both the aircraft and the target are above the cloud, as illustrated in Fig. 2 . The direct transmission of a laser beam in a 2D spherical geometry is similar to Eq. ͑1͒ and can be expressed by
where F d is the direct transmission based on a planeparallel geometry. Referring to Fig. 2͑a͒ , when both the aircraft and the target are above the cloud, the direct transmission through the cloud, F s , is now defined by
where s* is the distance along the laser beam between the two cloud interception points, T 1 and T 2 , and sЈ is the distance along the laser beam between a point in the cloud and the far-side intercept, T 2 ͓see Fig. ͑2a͔͒ . Forward scattering is the sum of forward scattering based on a plane-parallel geometry, F ͑1͒ ͑0, ⍀͒, plus forward scattering in the cloudy atmosphere that is due to the spherical geometry:
On the basis of the successive order-of-scattering approach, the second term is given by
The source function J ͑1͒ ͑sЈ, ⍀͒ in Eq. ͑18͒ can be written in the form
and the direct transmission term is given by
Likewise, laser backscattering that is due to the first-order scattering in a 2D spherical geometry is the sum of two terms defined in the following:
where F b ͑1͒ ͑0, ⍀͒ is the first-order backscattering for the plane-parallel case and F sb ͑1͒ ͑0, ⍀͒ is an additional 
contribution from the spherical geometry involving cirrus clouds. On the basis of the geometry defined in Fig. 2͑b͒ , the latter can be expressed by
From the geometry, the source function that is due to the first-order scattering can be expressed in the form
in which v is the distance between the aircraft and the cloud top along the laser beam. However, the direct transmission is given by
Because of the sphericity of the cirrus cloud top, the contribution that is due to direct reflection from the target differs from that given in Eq. ͑14͒. It is given by
where
In the case in which the aircraft or the target is located below the cloud top, a separate set of equations similar to Eqs. ͑15͒-͑28͒ can be formulated but will not be duplicated here.
Computational Results
Input to the transmission-backscattering model includes the single-scattering and absorption parameters for hexagonal ice crystals and aerosols and the correlated absorption coefficients for water vapor. The determination of these input parameters has been described by Liou et al. 1 The required background atmospheric temperature, pressure, and humidity profiles, as well as aerosol profiles, are assumed for the purpose of this study. To evaluate the attenuation of laser energy through high thin cirrus clouds, geometrical and system parameters must be prescribed. The geometrical parameters include the horizontal distance between the aircraft and the target ͑d͒; heights of the aircraft ͑z a ͒, cloud top ͑z t ͒, and base ͑z b ͒; and initial and final target heights. The system parameters include the wavelength ͑͒, the reflectivity of the target, and the equivalent radii of the target ͑r m ͒ and of the aircraft ͑r a ͒.
In what follows, we present illustrative results computed from the laser transmission and backscattering model. We first examine effects of aerosol and water-vapor scattering-absorption and of ice-crystal shape on the first-order laser backscattering, assuming that the cloud is homogeneous. We then compare results of model calculations of laser transmission and backscattering for homogeneous and inhomogeneous clouds as well as for planeparallel and spherical geometries. Consider the aircraft above the cloud as illustrated in Fig. 1͑b͒ . The first-order backscattered and target-reflected powers reaching the aircraft are shown in Fig. 3 as functions of the target height. The top and bottom panels show effects of aerosols and water vapor and of cloud particle size, respectively. The left and right panels are for the vertical optical depth of 0.05 and 0.2, respectively. Other input parameters are ϭ 1.315 m, F 0 ϭ 10 6 W, r m ϭ 3 m, R ϭ 0.2, r a ϭ 4 m, d ϭ 100 km, z a ϭ 11 km, z t ϭ 9.5 km, and z b ϭ 9 km. The lightly shaded strip signifies the vertical extent of the cloud, and the triangle depicts the position of the aircraft. The firstorder backscattering is almost independent of the target height. For a scattering point E far away from the aircraft, the angle ⌿ b subtended from E by the aircraft is smaller ͓Fig. ͑1b͔͒, whereas aerosols and air molecules exist close to the aircraft so that the angle ⌿ b for these particles is larger. As a result, the backscattering source function J ͑1͒ , which is due to the cloud particles and which is a measure of the contribution to the backscattering reaching the aircraft, also becomes smaller ͓see Eqs. ͑8͒ and ͑9͔͒. Thus the backscattered power determined from Eq. ͑13͒ is dominated by the scattering of air molecules and enhanced by additional aerosol scattering near the aircraft. For this reason, it is essentially constant, regardless of the cloud optical depth or the location of the target. Moreover, the target-reflected power is much smaller than the first-order backscattering. As the target leaves the surface, the attenuated target reflection increases owing to reduced water-vapor absorption. As the target approaches the cloud base, the attenuated target reflection decreases owing to an increasing cloud path-integrated optical depth, i.e., the integrated optical depth along the path. Effects of the cloud particle size are negligibly small, whereas the reflection from the target through larger cloud particles is increased owing to their smaller attenuation.
For the aircraft within the cloud, the backscattered power as a function of the target height is shown in Fig. 4 . Except for the aircraft height, all other input parameters are the same as those specified for Fig. 3 . Because the scattering coefficient of ice particles is much larger than those of aerosols and air molecules, the first-order backscattering is dominated by the scattering contribution of cloud particles near the aircraft, and its magnitude is 1 to 2 orders larger than that displayed in Fig. 3 . The effect of absorption by water vapor on the reflection from the target is significant, particularly when the target is below the cloud, as shown in the top panels of Fig. 4 . The first-order backscattering for a mean effective icecrystal size D e ϭ 124 m is the smallest among the four different values, as shown in the bottom panels of Fig. 4 , because phase function values for this size in the range of scattering angles between Ϫ ⌿ b and are the smallest among the four. Figure 5 shows the comparison of backscattered power for three-dimensional ͑3D͒ randomly oriented hexagonal ice crystals, equal-area spheres, Parry columns ͑randomly oriented columns in the horizontal plane͒, and 2D plates ͑randomly oriented plates in a horizontal plane͒. The aircraft is immediately above ͑z a ϭ 9.6 km, higher than the cloud top by only 0.1 km͒ and within ͑z a ϭ 9.25 km͒ the cloud, and all other parameters are the same as those used in Figs. 3 and 4. For the aircraft above the cloud, the backscattered power decreases as the target height increases, as illustrated in the top panels of Fig. 5͑a͒ . This is because the aircraft is close to the cloud top, so that the first-order backscattering is dominated by the scattering of cloud particles, and effects of aerosols and air molecules are relatively small. Owing to the glory peak in the phase function for equal-area spheres, the backscattered power for equal-area spheres is larger than that for 3D randomly oriented hexagonal ice crystals. Because of the relatively smaller extinction coefficient caused by the horizontal orientation of 2D plates, the backscattered power for 2D plates is smaller than that for 3D randomly oriented hexagonal ice crystals.
For the aircraft within the cloud, the first-order backscattering by 3D randomly oriented hexagonal ice crystals is slightly larger than that by equal-area spheres, as shown in Fig. 5͑b͒ . This is because the solid angle ⌿ b can become large when the aircraft is inside the cloud and because the complementary angle in the required integration, Ϫ ⌿ b , is out of the maximum glory region. Because of the smaller extinction coefficient and therefore the smaller optical depth in the case of 2D plates under the configuration of the present aircraft-target geometry, the firstorder backscattered power is smaller than those of randomly oriented ice crystals and Parry columns. In addition, when the target height z m is close to the aircraft height z a , specular reflection that is due to 2D plates enhances the backscattered power, as illustrated in Fig. 5͑b͒ by the small bulge within the cloud. To investigate effects of the cloud inhomogeneity, we first constructed 2D fields for ice-water content and mean effective ice-crystal size of cirrus clouds on the basis of optical depths and mean effective icecrystal sizes derived from the AVHRR data. In our previous study, we developed a retrieval algorithm utilizing the 0.63-3.7-m reflectance-radiance correlation technique for the inference of cirrus cloud optical depth and mean effective ice-crystal size ͑Ou et al. 9 ͒. Although the 3.7-m radiance includes both solar reflection and the thermal emission components, this algorithm does not require the removal of either component and thus is more straightforward and applicable than algorithms involving adjustments of the 3.7-m radiance. The addingdoubling radiative transfer program 10 has been used to generate look-up tables of 0.63-m reflectances and 3.7-m radiances. We employ 14 optical depths ranging from 0.125 to 12. We also use six representative ice-crystal sizes described in Rao et al. 11 This algorithm has been applied to AVHRR data that were collected during the FIRE-II Intensive Field Operations field experiment, which was held between late November and early December 1991 at Coffeyville, Kansas. Validation of this algorithm has been carried out by use of the cloud microphysics data sampled by the balloon-borne replicator and airborne 2D probes that were collocated and coincident with the AVHRR measurements. We demonstrated that the retrieved cirrus cloud optical depths and mean effective sizes compare reasonably well with those determined from in situ analyses.
To characterize the cirrus cloud field for the present transmission model calculations, we selected a cirrus case that occurred in the northern Oklahoma area on 18 April 1997, during which AVHRR data from the NOAA-14 satellite and collocated and coincident in situ cloud microphysics measurements were available. The ranges of the solar zenith, satellite viewing, and relative azimuth angles were 35-40°, 5-30°, and 25-30°, respectively. A 0.4°ϫ 2.0°do-main ͑36.4 -36.8°N and 96.5-98.5°W͒ was selected for the retrieval purpose. The horizontal distribution of the retrieved optical depths and mean effective ice-crystal sizes exhibited substantial variability. Following the procedure outlined in Liou and Rao, 12 we constructed 3D extinction-coefficient and mean effective ice-crystal size fields on the basis of the satellite-retrieved cloud parameters. Subsequently, the extinction coefficient and ice-crystal size in 2D space can be obtained as inputs to the laser transmission model. This observation-based 2D inhomogeneous model is a first approximation to real inhomogeneous clouds. The 2D inhomogeneous cloud will be extended to a 3D inhomogeneous cloud model. Figure 6 shows the direct transmission and forward scattering and backscattered powers for the 1.315-m laser beam as functions of the target height. In this calculation, the spatially averaged 2D cloud optical depth field was scaled down to 0.1 and 0.4 to simulate thin cirrus situations. The horizontal optical depths for these two cases ͑ϳ8 and 32͒ are close to that for ϭ 0.05 and 0.2 with d ϭ 100 km ͑ϳ10 and 40͒, as specified for Figs. 3-5 , because the present horizontal distance d is 40 km. Here the horizontal optical depth denotes the optical depth along the path, when the aircraft is located around the cloud top, and the target is located around the cloud base. The mean effective ice-crystal size used is 74 m, based on the domain average of the retrieved mean effective sizes. The vertical extent of the cloud is between 7.5 and 11.1 km, corresponding to the maximum cloud thickness observed by the ground-based radar. The aircraft is placed at 11.2 km, immediately above the cloud top, because backscattering for this aircraft altitude is the most sensitive to the target height. When the target rises to 4 km, the direct transmission for the inhomogeneous cloud is larger than that for the homogeneous cloud because the laser beam path-integrated optical depth is smaller for an inhomogeneous cloud, as shown in Fig. 1͑a͒ . When the target rises above 4 km and before reaching the cloud base, the direct transmission is smaller for an inhomogeneous cloud because the laser beam path length is larger for an inhomogeneous cloud, as also shown in Fig. 1͑a͒ . When the target is in the cloud, both the direct transmission and the forward scattering are larger for the homogeneous case than for the inhomogeneous case. This is due to the larger laser beam path length and larger ice-crystal size in the case of the inhomogeneous cloud ͑see Fig. 1͒ . The first-order backscattering is almost the same for the target within the cloud in both cases. Moreover, when the target is below the cloud, the cloud inhomogeneity has little effect on the laser transmission and backscattering. Figure 7 shows effects of satellite retrieval uncertainties in the cloud optical depth and mean effective size on laser transmission as functions of the target height for inhomogeneous and homogeneous clouds. Again, the aircraft is assumed to be above the cloud. The cloud optical depth and mean effective size used were 0.4 and 74 m, respectively. Uncertainties in the retrieved cloud optical depth are set to be Ϯ0.05, and for the cloud mean effective size they are Ϯ5 m. These are typical error ranges for satellite retrievals of cloud optical depth and mean effective size. 10 The resulting errors in laser transmission are expressed as ⌬W͞F 0 , where ⌬W is the difference between the perturbed and the unperturbed laser powers and F 0 is the initial laser power.
For direct transmission, errors that are due to the optical depth uncertainties of Ϯ0.05 in the computed laser power occur when the target is within and below the cloud. The error that is due to uncertainty in cloud optical depth is less than 4%. Local maximum values of error occur near the surface and the cloud top. Because direct transmission follows the rule of exponential attenuation, exp͑Ϫ*͒, where * is the cloud optical depth along the laser beam path, the differential of the direct transmission, dF d , which is proportional to the error of the direct transmission, also follows the rule of exponential attenuation, i.e., ⌬W ϰ dF d ϰ Ϫexp͑Ϫ*͒d*. As the target leaves the surface, the errors increase initially because the optical depth of the laser beam path decreases owing to the decrease in atmospheric water-vapor absorption. As the target rises above 2 km, the errors decrease because effects of cloud attenuation become dominant.
Once the target enters the cloud, the optical depth of the laser beam path begins to decrease, so that errors increase steadily toward a maximum value corresponding to the target at the cloud top. Finally, after the target departs the cloud, the direct transmission is no longer subject to errors in cloud retrievals, and errors drop to zero. Errors are larger for homogeneous clouds than for inhomogeneous clouds because the optical depth of the laser beam path is smaller for the former. However, the pattern of variation for both cases is similar.
For the forward-scattering contribution, errors that are due to the optical depth uncertainties of Ϯ0.05 in the computed laser power occur when the target is within and below the cloud. The error that is due to uncertainty in the cloud optical depth is less than 0.2%, much smaller than that for the direct transmission. Local maximum errors occur near the cloud top. Because the forward-scattering contribution to laser transmission is proportional to the product of the exponential attenuation term and the optical depth, i.e., F ͑1͒ ϰ exp͑Ϫ*͒* ͓see Eq. ͑4͔͒, the differential of the forward-scattering contribution term, dF
͑1͒
, which is proportional to the error of the forward scattering, also follows the rule of exponential attenuation, i.e., ⌬W ϰ dF ͑1͒ ϰ exp͑Ϫ*͒͑1 Ϫ *͒d*. As the target leaves the surface, and before it reaches the cloud top, the optical depth is larger than 1. Errors are dominated by the exponential term and are negatively correlated with the term ͑1 Ϫ *͒d*. However, right at the cloud top, the optical depth drops close to zero, and errors in this case are proportional to d* and have maximum or minimum values. The magnitude of errors for homogeneous clouds is larger than for that for inhomogeneous clouds because the optical depth of the laser beam path is smaller for the former, leading to a larger value of exp͑Ϫ*͒͑1 Ϫ *͒.
For both direct transmission and forward scattering, errors that are due to the mean effective size uncertainty of Ϯ5 m in the computed laser power are less than 0.3%. Local maximum errors occur near the cloud top. As discussed in Liou et al., 1 direct transmission depends weakly on the mean effective size through the term exp͓Ϫ␤ e ͑1 Ϫ f ␦ ͔͒, where f ␦ is the fractional energy that resides in the forward direction of the phase function. The term ͑1 Ϫ f ␦ ͒ decreases when the mean effective size increases, leading to the increase in the exponential term and in the direct transmission. Forward scattering also depends on the mean effective size. Because the diffraction peak is sharply confined to forwardscattering directions for larger mean effective sizes ͓see Eq. ͑5͔͒, errors in forward scattering are positive for a positive error in mean effective sizes. In addition, because forward scattering is proportional to the exponential attenuation term, the magnitude of errors increases with target height, reaching a maximum near the cloud top. Figure 8 shows effects of uncertainties in the satellite retrievals of cloud optical depth and mean effective size on laser backscattering. Although the magnitude of errors in backscattering is generally much smaller than that for direct transmission, there are still many interesting features. When the target leaves the surface, the incident point of the laser beam at the cloud top is close to the aircraft. This point shifts away from the aircraft as the target rises, and effects of aerosol scattering and water-vapor absorption become dominant, so that the absolute value of backscattering errors decreases as shown in the upper-left panel. The reflection from the target is proportional to the square of direct transmission. Finally, effects of the spherical Earth on direct transmission, forward scattering, and backscattering are shown in Fig. 9 . Two values of the horizontal distance ͓d ϭ 100 km ͑left panels͒ and 200 km ͑right panels͔͒ between the aircraft and the target were specified. Clouds are assumed to be homogeneous and located between 10.5 and 11.5 km with ϭ 0.05. The aircraft is located above the cloud at 12 km. For the direct transmission, the effect of the spherical Earth is more significant for d ϭ 200 km than for d ϭ 100 km, particularly for a target height between the cloud base and the aircraft altitude. Direct transmission powers for spherical and plane-parallel atmospheres are virtually the same for the target below the cloud base. However, for d ϭ 200 km, as an extreme case, the direct transmission for the spherical geometry is smaller than that for the planeparallel geometry by approximately a factor of 10 for the target near the cloud base and by approximately a factor of 10 3 for the target near the cloud top because the cloud path length is longer for spherical geometry. The difference in the forward scattering between the two geometries is again negligible for the target below the cloud. The forward scattering is larger for spherical geometry by approximately 100 W for the target near the cloud top. The additional forward scattering F s ͑1͒ is proportional to the product of the exponential attenuation term and the optical depth, F s ͑1͒ ϰ exp͑Ϫ*͒* ͓Eq. ͑18͔͒. When the target is immediately above the cloud top, F s ͑1͒ increases with an increase of the target height owing to the exponential attenuation term. When the target rises higher, F s ͑1͒ decreases because of the domination of the linear optical depth term over the exponential attenuation term. For this reason, there is a secondary peak for F s ͑1͒ above the cloud top at approximately 12.5 km for d ϭ 200 km, as shown in the middle right panel of Fig. 9 . Because the effect of the scattering of cloud particles is weaker than those of the scattering of aerosols and air molecules, the Earth's curvature has little effect on first-order backscattering for aircraft at some distance above the cloud top. However, because of the effect of the Earth's curvature, reflection from the target is reduced for the same reason that the direct transmission shows a reduction, as illustrated in the top panel.
Summary
We have developed a computer model for computing laser transmission, forward scattering, and backscattering through 2D inhomogeneous thin cirrus clouds in both plane-parallel and spherical geometry based on the successive-order-of-scattering approach. We first examine effects of aerosol and water-vapor scattering-absorption and of ice-crystal shape on the first-order laser backscattering, assuming the cloud is homogeneous. For an aircraft above the cloud, the first-order backscattering is essentially constant, regardless of the target height or cloud composition. For an aircraft within the cloud, the first-order backscattering varies with the cloud optical depth but is nearly constant with respect to the target height. Reflection from the target that reaches the aircraft is generally 2 to 6 orders of magnitude less than the first-order backscattering. We also compared backscattering from different shapes of ice crystals. The backscattered power for 3D randomly oriented hexagonal ice crystals is smaller than that for equal-area spheres, owing to the glory peak in the phase function for equal-area spheres. Also, because of the relatively smaller extinction coefficient caused by the horizontal orientation of 2D plates, the backscattered power for 2D plates is smaller than that for 3D randomly oriented hexagonal ice crystals.
To simulate the inhomogeneous thin cirrus cloud situation, we used the AVHRR data along with collocated and coincident in situ ice microphysics measurements for a cirrus cloud case to construct a 3D extinction coefficient and mean effective size fields following a procedure that was developed by our research group. The 2D cloud fields were subsequently obtained by the averaging of respective cloud parameter fields in the north-south direction for use in the laser transmission model. Results of the direct transmission, forward scattering, and backscat- tering of a laser beam through homogeneous and inhomogeneous clouds are compared for aircraft above and within the cloud and for selected optical depths and mean effective sizes. It is shown that cloud inhomogeneity affects the laser transmission and backscattering owing to differences in the integrated optical depths along the line of sight.
Moreover, we investigated the effects of uncertainty in the satellite-retrieved optical depths and ice-crystal sizes on laser transmission computations. We found that uncertainty in laser transmission produced by errors in the retrieved ice-crystal sizes is negligible. However, uncertainty of the order of 2% could result from errors in the retrieved optical depth of Ϯ0.05. Finally, we studied the effects of the spherical Earth on the laser transmission and backscattering through thin cirrus clouds. When the aircraft is near the cloud top and the target is located at or immediately above the cloud top, the direct transmission decreases significantly owing to the propagation of the laser beam through the curved portion of the cloud top. The magnitude of this decrease becomes more significant as the horizontal distance between the aircraft and the target increases. The present results at the wavelength of 1.315 m can be readily applied to another near-infrared wavelength ͑e.g., 1.03 m͒.
